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Introduction {#sec001}
============

Multiple sclerosis (MS) is a chronic neurological disease with characteristic pathological findings of episodic neurologic dysfunction, perivascular inflammation, demyelination, and axon degeneration in the central nervous system (CNS). Although its etiology remains unknown, strong evidence suggests the involvement of autoimmune mechanisms \[[@pone.0182069.ref001]--[@pone.0182069.ref003]\]. Patients with MS have many autoreactive T cells against neuro-antigens such as myelin basic protein and myelin oligodendrocyte glycoprotein (MOG). Histological investigation of the white matter from patients with MS shows that the demyelinating plaques are distributed within the optic nerves, brainstem, cerebellum, and spinal cord \[[@pone.0182069.ref004]\]. These demyelinating plaques can subsequently lead to axonal damage and contribute to disability \[[@pone.0182069.ref002], [@pone.0182069.ref003], [@pone.0182069.ref005]\].

Autoreactive type-1 T helper (Th1) and Th17 cells are crucial in the pathogenesis of MS \[[@pone.0182069.ref006]--[@pone.0182069.ref009]\]. Thus, regulating of T helper cell responses is a promising approach for the treatment of MS. Mounting evidence indicates that prostaglandin E2 (PGE2) signaling profoundly influences the pattern of CD4^+^ T cell responses in neuroinflammatory disorders including MS \[[@pone.0182069.ref007], [@pone.0182069.ref010], [@pone.0182069.ref011]\]. PGE2 is a prostaglandin, which are biologically active compounds found virtually in all tissues and organs. Prostaglandins play major roles in the mediation and modulation of pain and inflammation, and are targets of non-steroidal anti-inflammatory drugs (NSAIDs). PGE2 exerts its effects through four G-protein-coupled receptor subtypes that trigger diverse functional responses: EP1, EP2, EP3, and EP4 \[[@pone.0182069.ref012], [@pone.0182069.ref013]\]. Emerging evidence suggests that PGE2 is associated with the pathogeneses of MS in an animal model that exhibits MS-like pathology, termed "experimental autoimmune encephalomyelitis" (EAE) \[[@pone.0182069.ref007], [@pone.0182069.ref010], [@pone.0182069.ref011], [@pone.0182069.ref013]\]. Prostaglandin levels are elevated in the spinal cord in EAE mice and in the cerebrospinal fluid of patients with MS \[[@pone.0182069.ref010], [@pone.0182069.ref011]\]. Furthermore, the expressions of EP1, EP2, and EP4 are elevated in EAE lesions \[[@pone.0182069.ref010]\]. In PGE2 receptor-deficient mice, only EP4-knockout mice exhibit significant suppression of EAE \[[@pone.0182069.ref007], [@pone.0182069.ref011]\]. Thus, PGE2--EP4 signaling is a promising target for the development of therapeutics for MS.

The dried root extracts of *Pulsatilla chinensis* (Bunge) Regel (*bai tou weng* in Chinese) have been used in traditional Chinese medicine to treat amoebic dysentery, malaria, bacterial infections, vaginal trichomoniasis, and malignant tumors \[[@pone.0182069.ref014], [@pone.0182069.ref015]\]. Chemical and pharmacological studies demonstrate that triterpenoid glycosides are important bioactive constituents in this plant \[[@pone.0182069.ref014], [@pone.0182069.ref016]--[@pone.0182069.ref018]\]. Among them, anemoside A~3~ (AA3), a natural triterpenoid glycoside isolated from the root of *P*. *chinensis* \[[@pone.0182069.ref014], [@pone.0182069.ref017], [@pone.0182069.ref018]\], induces relaxation in rat renal arteries through the stimulated release of endothelium-derived hyperpolarizing factor, activation of K^+^ channel, and inhibition of Ca^2+^ influx \[[@pone.0182069.ref019]\]. AA3 protects PC12 cells from cell death induced by sodium cyanide or glucose deprivation \[[@pone.0182069.ref020]\]. Furthermore, we previously demonstrated that AA3 enhances cognition in mice via the regulation of synaptic functions and its neuroprotective effect \[[@pone.0182069.ref021]\].

Accordingly, in the present study, we showed that AA3 inhibits the activation of PGE2--EP4 signaling and reduces inflammatory injury in EAE mice. Moreover, AA3 improves the clinical scores and reduces spinal cord inflammation in EAE mice. Mechanistically, AA3 attenuates the MOG-induced differentiation of Th1 and Th17 cells, and their signature cytokines in EAE mice during disease progression. In addition, AA3 reduces Th17 differentiation and expansion driven by pro-inflammatory cytokines and PGE2. Our findings collectively demonstrate that AA3 incurs beneficial effects in EAE, suggesting its therapeutic potential for MS treatment.

Materials and methods {#sec002}
=====================

Preparation of AA3 {#sec003}
------------------

We purified AA3 (C~41~H~66~O~12~, molecular weight: 750.98) from *P*. *chinensis* roots as described previously \[[@pone.0182069.ref014]\]. We identified the molecular structure of AA3 by proton nuclear magnetic resonance, carbon-13 nuclear magnetic resonance, and mass spectroscopy. Nuclear magnetic resonance indicated that the purity of AA3 was \>95%. We prepared stock solution in 100% DMSO (Sigma-Aldrich, St. Louis, MO, USA) and stored it at −80°C. The final concentration of DMSO in the assay was \<0.5%.

Cell cultures {#sec004}
-------------

We maintained human THP-1 acute monocytic leukemia cells in RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 2 mM [l]{.smallcaps}-glutamine, 1 mM sodium pyruvate, 0.05 mM 2-merceptoethanol, 100 units/mL penicillin and streptomycin, and 10% (v/v) heat-inactivated fetal bovine serum (FBS) at 37°C in 5% CO~2~. For experiments, we seeded cells (2 × 10^5^ /mL) in the same medium.

We isolated primary lymphocytes from mouse spleens using Lympholyte-M according to the manufacturer's protocol (Cedarlane Laboratories, Hornby, Canada). We sieved mouse spleens from 12-week-old C57BL/6 mice through a 70-μm cell strainer (Falcon, Becton Dickinson, Franklin Lakes, NJ, USA), resuspended them in RPMI 1640 medium, and layered them on top of an equal volume of Lympholyte-M. We established the gradient by centrifugation at 1500 × *g* for 20 min to absorb the mononuclear cell layer. We subsequently washed the cells twice with RPMI 1640 medium and subsequently resuspended them in RPMI 1640 containing 10% (v/v) heat-inactivated FBS, and 100 units/mL penicillin and streptomycin. We evaluated cell survival by Trypan Blue staining (Sigma-Aldrich).

We isolated CD4^+^ T cells from spleen lymphocytes by using a CD4^+^ T cell isolation kit II according to the manufacturer's protocol (Miltenyi Biotech Ltd., Surrey, UK). We retained the magnetically labeled non-target cells in the column in the magnetic separator while the unlabeled cells passed through the column. Then, we collected the isolated CD4+ T cells and resuspended them in RPMI 1640 medium containing 10% (v/v) heat-inactivated FBS, and 100 units/mL penicillin and streptomycin. We determined cell viability and number by Trypan Blue staining.

Cell proliferation and viability assays {#sec005}
---------------------------------------

We performed an MTT (3-\[4,5-dimethylthiazol-2-yl\]-2,5-diphenyltetrazolium bromide) assay to measure the cell viability of the THP-1 cells and primary lymphocytes after 2 days of treatment (USB, Cleveland, OH, USA). To examine the cytotoxic effect of AA3 on naïve CD4+ T cells, we determined cell viability and number by Trypan Blue staining after 4 days of treatment.

cAMP assay {#sec006}
----------

We pretreated THP-1 cells with 3-isobutyl-1-methylxanthine (1 mM) for 30 min, followed by PGE2 or PGE1-OH (an EP4 agonist; Cayman Chemical, Ann Arbor, MI, USA) stimulation for another 30 min in the presence of L-161982 (an EP4 antagonist; Cayman Chemical) or AA3. We subsequently determined cAMP levels in THP-1 cells using the cAMP-Screen Immunoassay System (Life Technologies, Grand Island, NY, USA).

Induction of EAE and AA3 treatment {#sec007}
----------------------------------

We obtained female, 10-week-old, C57BL/6 mice from The Hong Kong University of Science and Technology Animal Care Facility and acclimated them at the laboratory for one week before immunization. All animal experimental procedures were approved by the Hong Kong University of Science and Technology Animal Ethics Committee (Permit Number: 2013030) and conducted in accordance with the Code of Practice for Care and Use of Animals for Experimental Purposes (Animal Welfare Advisory Group, Agriculture, Fisheries and Conservation Department, Hong Kong). All surgery was performed under isoflurane anesthesia and all efforts were made to minimize suffering.

We randomly assigned C57BL/6 mice to receive EAE induction and/or AA3 treatment. For EAE induction, we subjected the mice to anesthesia with 1% isoflurane (Patterson Veterinary, Devens, MA, USA) for 5 min, and then immunized them with 100 μg MOG~35--55~ peptide in complete Freund's adjuvant (CFA) containing 2 mg/mL heat-killed *Mycobacterium tuberculosis* according to the manufacturers' protocol (Hooke Laboratories, Lawrence, MA, USA). The control group was only injected with CFA. We immediately intraperitoneally injected the mice with 0.5 mg/mL pertussis toxin (400 ng). We administered an additional dose of pertussis toxin after 24 h of immunization.

We fed the mice AA3 (100 mg/kg, 10 mL/kg) prepared as a homogeneous suspension in water or water alone by oral gavage on the day after immunization (day 0) or day 8. We continued treatment daily throughout the experiment.

We conducted all animal assessments in a blinded manner. We recorded body weight and clinical signs of disease severity daily. We scored clinical signs of EAE as follows: 0, no clinical signs; 0.5, partially paralyzed tail; 1, paralyzed tail; 2, hindlimb paresis; 2.5, one hindlimb paralyzed; 3, both hindlimbs paralyzed; 3.5, hindlimbs paralyzed and weakness in forelimbs; 4, forelimbs paralyzed; 5, moribund \[[@pone.0182069.ref022]\]. If the EAE score exceeded 3.5, we sacrificed the animal by decapitation.

Histological analysis {#sec008}
---------------------

On day 20 post-immunization, mice were given choral hydrate (Sigma-Aldrich) administration followed by transcardial perfusion with 4% paraformaldehyde. We resected the spinal cords and postfixed them overnight. We stained paraffin-embedded spinal cord sections (10 μm) with hematoxylin and eosin (Bio-Rad Laboratories, Hercules, CA, USA) to assess inflammation and Luxol Fast Blue---Cresyl Echt Violet (American MasterTech Scientific, Inc., Lodi, CA, USA) to assess demyelination, according to the manufacturers' instructions.

*Ex vivo* and *in vitro* studies of MOG-specific lymphocytes {#sec009}
------------------------------------------------------------

We sacrificed the control EAE and AA3-treated EAE mice by decapitation to collect spleens on day 20 post-immunization, subsequently pooling the spleens from individual treatment groups. We isolated lymphocytes using Lympholyte-M (Cedarlane Laboratories) as described previously and cultured them in RPMI 1640 medium containing 10% (v/v) heat-inactivated FBS, and 100 units/mL penicillin and streptomycin. We incubated cultures at 37°C in 5% CO~2~ in the presence or absence of MOG~35--55~ peptide (25 μg/mL) and AA3 (30 μM) for 48 h.

Quantification of cytokine production {#sec010}
-------------------------------------

We treated lymphocytes isolated from the experimental mice with the MOG~35--55~ peptide (25 μg/mL) and AA3 (30 μM) for 48 h. We measured the concentrations of interferon (IFN)-γ, interleukin (IL)-4, and IL-17 by ELISA (R&D Systems, Inc., Minneapolis, MN, USA). For Th17 cell expansion, we stimulated CD4^+^ T cells isolated from normal mice with plate-bound anti-CD3ε (5 μg/mL; eBioscience, Frankfurt, Germany) and anti-CD28 (1 μg/mL; eBioscience) in the presence of IL-23 (10 ng/mL; R&D Systems) and AA3 (30 μM) for 4 days \[[@pone.0182069.ref007]\]. We collected culture media for IL-17 ELISA (R&D Systems).

Western blot analysis {#sec011}
---------------------

We cultured lymphocytes from the control EAE mice in the presence or absence of MOG~35--55~ peptide (25 μg/mL) and AA3 (3 and 30 μM) for 48 h. We lysed cells with RIPA lysis buffer with 150 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, 0.5% deoxycholic acid, 2 μg/mL aprotinin, 1 mM PMSF, 5 mM benzamidine, 1 mM sodium orthovanadate, and 10 μg/mL soybean trypsin inhibitor in 50 mM Tris buffer (pH 7.4). We purchased protein quantification reagent from Bio-Rad. Following separation by SDS-PAGE, we transferred the proteins onto a nitrocellulose membrane. After blocking with 0.1% Tween-20 and 5% non-fat dry milk in Tris-buffered saline at room temperature for 1 h, we incubated the membrane with primary antibody (1:1000) overnight at 4°C with horseradish peroxidase (HRP)-conjugated secondary antibody (1:2000) for 1 h. We purchased antibodies against phospho-signal transducer and activator of transcription (STAT) 3, phospho-STAT6, STAT3, STAT4, and STAT6 as well as secondary antibodies (i.e., HRP-conjugated goat anti-mouse or anti-rabbit antibodies) from Cell Signaling Technology (Beverly, MA, USA). Antibodies against phospho-STAT4 and α-tubulin were from BD Biosciences (Lincoln Park, NJ, USA) and Sigma-Aldrich, respectively. We performed detection using the Enhanced Chemiluminescence Western Blot System (GE Healthcare, Buckinghamshire, UK).

Reverse transcription and real time polymerase chain reaction {#sec012}
-------------------------------------------------------------

We extracted total RNA using the RNeasy Mini Kit (Qiagen, Hilden, Germany). We reverse-transcribed 5 μg total RNA of each sample using oligo (dT) primers and SuperScript II reverse transcriptase (Invitrogen) in a 20-μL volume. We quantified the target genes with a Power SYBR Green PCR master mix kit using a 7500 Fast-real time PCR system according to the manufacturer's instructions (Applied Biosystems, Foster City, CA, USA). We confirmed the specificity of the SYBR Green PCR signal by melting curve analysis. We used the following primer sequences: forkhead box P3 (*foxp3)* forward primer, `5′-CCTGCCTTGGTACATTCGTG-3′`; *foxp3* reverse primer, `5′-TGTTGTGGGTGAGTGCTTTG-3′` \[[@pone.0182069.ref023]\]; *il-17* forward primer, `5′-TTTAACTCCCTTGGCGCAAAA-3′`; *il-17* reverse primer, `5′-CTTTCCCTCCGCATTGACAC-3′` \[[@pone.0182069.ref024]\]. In each experiment, we used mouse glyceraldehyde-3-phosphate dehydrogenase (*gapdh*) mRNA as an endogenous reference with the following primer sequences: forward primer, `5′-TGCACCACCAACTGCTTAGC-3′`; reverse primer, `5′-GGCATGGACTGTGGTCATGAG-3′`.

Flow cytometric analysis of CD4^+^ Th17 cells {#sec013}
---------------------------------------------

For the Th17 cell re-stimulation experiment \[[@pone.0182069.ref007]\], we first stimulated CD4^+^ T cells for 3 days with plate-bound anti-CD3ε (10 μg/mL), anti-CD28 (10 μg/mL), TGF-β1 (1 ng/mL), and IL-6 (50 ng/mL) in RPMI 1640 medium containing 10% (v/v) heat-inactivated FBS, and 100 units/mL penicillin and streptomycin. We washed cells twice in phosphate-buffered saline, and then re-stimulated them with plate-bound anti-CD3ε (10 μg/mL), anti-CD28 (10 μg/mL), IL-23 (10 ng/mL), and PGE2 (100 nM; Cayman Chemical) in RPMI 1640 medium containing 10% (v/v) heat-inactivated FBS, and 100 units/mL penicillin and streptomycin for another 3 days. For the unstimulated control, we first stimulated CD4^+^ T cells for 3 days with plate-bound anti-CD3ε (10 μg/mL) and anti-CD28 (10 μg/mL) in RPMI 1640 medium containing 10% (v/v) heat-inactivated FBS, and 100 units/mL penicillin and streptomycin without the addition of other cytokines. We washed cells twice in phosphate-buffered saline, and then cultured them with plate-bound anti-CD3ε (10 μg/mL) and anti-CD28 (10 μg/mL) in RPMI 1640 medium containing 10% (v/v) heat-inactivated FBS, and 100 units/mL penicillin and streptomycin for another 3 days. To study the effect of AA3 on Th17 cell differentiation, AA3 (30 μM) was present in the culture medium throughout the 6-day culture period.

On the day of flow cytometric analysis, we treated the cultures with phorbol 12-myristate 13-acetate (50 ng/mL; Sigma-Aldrich) and ionomycin (500 ng/mL; Sigma-Aldrich) together with GolgiPlug (BD Biosciences) for 6 h. We permeabilized and fixed cells in Cytofix/Cytoperm solutions (BD Biosciences) for 15 min at room temperature. After washing, we performed intracellular staining with FITC-conjugated antibody against IFN-γ (BD Biosciences) and PE-conjugated antibody against IL-17A (BD Biosciences) as well as surface antigen staining for CD4 with PerCP-Cy5.5-conjugated antibody (BD Biosciences). We quantified stained cells by using a FACS Aria flow cytometer and analyzed the data using FACSDiva version 6.1.3 (BD Biosciences).

Statistical analysis {#sec014}
--------------------

All results are expressed as mean ± SEM. We analyzed data by two-tailed Student's *t*-tests or one-way ANOVA using Prism software v5 (GraphPad, La Jolla, CA, USA). The level of significance was set at *p* \< 0.05.

Results {#sec015}
=======

AA3 modulates the PGE2 and EP4 signaling pathways {#sec016}
-------------------------------------------------

We first examined whether AA3 regulates PGE2--EP4 signaling. PGE2--EP4 activation increases the Gs-mediated activation of adenylate cyclase and the subsequent increase in intracellular cAMP \[[@pone.0182069.ref012], [@pone.0182069.ref013]\]. Following stimulation with PGE2, the level of cAMP increased in THP-1 cells, which was inhibited by AA3 with a half maximal inhibitory concentration (IC~50~) of 22.4 ± 5.8 μM ([Fig 1A](#pone.0182069.g001){ref-type="fig"}). AA3 alone had a negligible effect on cAMP level. We then assessed the effect of AA3 on EP4-mediated cAMP response. Treatment with an EP4 selective agonist, PGE1-OH, increased the intracellular level of cAMP; this effect was suppressed by AA3 with an IC~50~ of 22.9 ± 8.1 μM ([Fig 1B](#pone.0182069.g001){ref-type="fig"}). To confirm that AA3 modulates EP4 signaling, we treated THP-1 cells with increasing concentrations of PGE1-OH alone or in the presence of L-161982 or AA3 ([Fig 1C](#pone.0182069.g001){ref-type="fig"}). The level of cAMP increased by PGE1-OH treatment was blocked by the EP4 inhibitor, L-161982. This finding indicates that PGE1-OH induces cAMP acting through EP4 receptor and that AA3 inhibits EP4-mediated cAMP production. Meanwhile, AA3 treatment did not affect the survival of THP-1 cells, indicating that the reduction of PGE2 and PGE1-OH responses by AA3 is not due to cell death ([Fig 1D](#pone.0182069.g001){ref-type="fig"}).

![AA3 inhibits PGE2--EP4 signaling.\
We treated THP-1 cells with PGE2 or PGE-1-OH (an EP4 agonist) in the presence of increasing concentrations of AA3 (A and B, respectively) or with increasing concentrations of PGE-1-OH together with AA3 or L-161982 (C). We measured cellular cAMP levels, and the concentration---response curves are shown. (D) We examined THP-1 cell survival after 2 days of AA3 treatment by MTT assay. Data are mean ± SEM (*n* = 3 per treatment group).](pone.0182069.g001){#pone.0182069.g001}

AA3 attenuates disease severity in EAE mice {#sec017}
-------------------------------------------

To evaluate the effect of AA3 in EAE, we immunized C57BL/6 mice with MOG~35--55~ and orally administered AA3 or water daily until the end of the experiment. The first clinical sign, i.e., partial tail paralysis, was observed on day 11 and became serious over the next 6--7 days ([Fig 2A](#pone.0182069.g002){ref-type="fig"}). AA3 administration reduced the disease symptoms in the EAE mice ([Fig 2A](#pone.0182069.g002){ref-type="fig"}). The mean time for the clinical score to reach tail paralysis (score: 1) in the vehicle control- mice was 13.1 ± 0.5 days, and that in the AA3-treated EAE mice was 15.6 ± 0.1 days (*p* = 0.003, Student's *t*-test). Furthermore, AA3 treatment reduced the weight loss of the EAE mice. The percentage of weight loss was significantly higher in the control EAE mice than the AA3-treated EAE mice on day 20 post-immunization (14.6 ± 1.1% vs. 9.5 ± 0.1%, respectively, *p* = 0.002, Student's *t*-test). AA3 not only affected the pre-symptomatic phase of EAE, but also the symptomatic phase. The EAE mice that received delayed AA3 treatment, starting daily on day 8 post-immunization, also exhibited reduced clinical scores ([Fig 2B](#pone.0182069.g002){ref-type="fig"}). We did not observe any animal death in any treatment group.

![AA3 reduces the disease severity of EAE mice.\
(A) We orally administered AA3 or water (control) daily starting from the day of immunization. The time courses of symptom development (reflected by the EAE score) and the incidence of EAE scores at day 20 are shown (table below graph). (B) We orally administered AA3 or water (control) to EAE mice daily starting from day 8 post-immunization; the time courses of EAE scores are shown. Data are mean ± SEM (*n* = 24 per treatment group); \**p* \< 0.05, Student's *t*-test. (C) Histopathologic examination of spinal cord tissues by hematoxylin and eosin (top and middle panels) and Luxol Fast Blue staining (bottom panels). We obtained tissues from mice injected with complete Freund's adjuvant (CFA), or EAE mice treated with water (Con/EAE) or AA3 (AA3/EAE). Representative pictures are shown. Scale bar, 100 μm.](pone.0182069.g002){#pone.0182069.g002}

Spinal cord inflammation and demyelination occur in EAE mice during the advanced disease stage \[[@pone.0182069.ref025], [@pone.0182069.ref026]\]. To determine the effect of AA3 on CNS inflammation and demyelination, we performed histological analysis of lumbar spinal cord sections of the EAE mice treated with vehicle control or AA3. The spinal cords of the control EAE mice exhibited substantial inflammation as indicated by vacuolization (i.e., spongiosis) of the white matter and leukocyte infiltration ([Fig 2C](#pone.0182069.g002){ref-type="fig"}, top and middle panels). Meanwhile, vacuolization and infiltration of inflammatory cells were reduced in the AA3-treated EAE mice. Demyelinating lesions were more evident in the control EAE mice ([Fig 2C](#pone.0182069.g002){ref-type="fig"}, bottom panels), whereas fewer lesions were observed in the AA3-treated EAE mice. Thus, the typical histological characteristics of EAE, including vacuolization, infiltration of inflammatory cells, and regions of demyelination within the spinal cord, were reduced in the AA3-treated EAE mice.

AA3 modulates Th1, Th2, and Th17 responses in EAE mice {#sec018}
------------------------------------------------------

Recent findings suggest that the predominance of Th1- and Th17-type immune responses play important roles in the pathogenesis of EAE \[[@pone.0182069.ref006], [@pone.0182069.ref007], [@pone.0182069.ref009], [@pone.0182069.ref027]\]. To examine the mechanistic actions of AA3 in alleviating EAE severity in mice, we examined the levels of the respective signature cytokines of the Th1, Th2, and Th17 pathways in cultured lymphocytes derived from the spleens of EAE mice. MOG~35--55~ re-challenge increased IFN-γ, IL-4, IL-17, and IL-6 levels in lymphocyte cultures from the control EAE mice ([Fig 3A--3D](#pone.0182069.g003){ref-type="fig"}). However, IFN-γ, IL-4, and IL-17 levels were reduced in lymphocyte cultures from the AA3-treated EAE mice after MOG~35--55~ re-stimulation ([Fig 3A--3C](#pone.0182069.g003){ref-type="fig"}). Although IL-6 level was also lower in cultures from the AA3-treated mice, the difference was not statistically significant ([Fig 3D](#pone.0182069.g003){ref-type="fig"}). These results collectively demonstrate that AA3 modulates the Th1, Th2, and Th17 cytokine responses in EAE mice.

![Oral administration of AA3 reduces the inflammatory cytokine response of lymphocytes upon MOG~35--55~ re-stimulation.\
We stimulated primary lymphocytes isolated from spleens of the control EAE mice (open bar) or the AA3-treated EAE mice (black bar) with MOG~35--55~ peptide (exMOG) for 2 days. We quantified cytokine expression in the conditioned media by ELISA; the expression of (A) IFN-γ, (B) IL-4, (C) IL-17, and (D) IL-6 are shown. Data are mean ± SEM (*n* = 24 per treatment group); \**p* \< 0.05, one-way ANOVA.](pone.0182069.g003){#pone.0182069.g003}

We subsequently determined if AA3 directly affects the reaction of MOG-responsive lymphocytes ([Fig 4A](#pone.0182069.g004){ref-type="fig"}). The addition of MOG~35--55~ to the lymphocyte cultures induced IFN-γ release, which was significantly reduced in the presence of AA3. Similar to its effect on IFN-γ, MOG~35--55~ induced IL-17 release, which was downregulated by AA3. Interestingly, AA3 enhanced IL-4 induction in cultured lymphocytes from the control EAE mice.

![AA3 attenuates the production of pro-inflammatory cytokines in MOG-reactive lymphocytes.\
(A) We re-challenged primary lymphocytes from EAE mice with MOG~35--55~ peptide in the presence of AA3. We quantified IFN-γ, IL-4, and IL-17 levels in the culture supernatants by ELISA. (B) Western blots of phosphorylated and total STAT4, STAT6, and STAT3 from whole-cell lysates collected from the cultures in (A). α-tubulin served as an equal loading control. Densitometric analysis of signals from western blots in (B). (C) qPCR analysis of *foxp3* and *il-17* in the MOG-reactive lymphocytes. (D) We examined the cell survival of the MOG-reactive lymphocytes by MTT assay. Data are mean ± SEM (*n* = 3 per treatment group); \**p* \< 0.05, one-way ANOVA.](pone.0182069.g004){#pone.0182069.g004}

Emerging evidence suggests that STAT family transcription factors play critical roles in T helper cell proliferation and differentiation. In particular, STAT4 is a key signaling molecule essential for Th1 cell differentiation \[[@pone.0182069.ref028]\]; STAT6 promotes Th2 cell differentiation \[[@pone.0182069.ref028]--[@pone.0182069.ref030]\], and the activation of STAT3 facilitates Th17 lineage commitment \[[@pone.0182069.ref031]\]. Accordingly, we examined if AA3 regulates the upstream STAT signaling in lymphocytes cultured from EAE mice ([Fig 4B](#pone.0182069.g004){ref-type="fig"}). MOG~35--55~ administration induced STAT4 and STAT3 phosphorylation in EAE lymphocytes, whereas the induction was greatly reduced in the presence of AA3. Consistent with the induction of IL-4, MOG~35--55~ treatment resulted in STAT6 phosphorylation, which was slightly potentiated by AA3.

The imbalance between regulatory T (Treg) and Th17 cells was recently identified as a critical factor for the development of EAE and human MS \[[@pone.0182069.ref032], [@pone.0182069.ref033]\]. Therefore, we examined if AA3 promotes the Treg cell response in EAE. We isolated total RNA from EAE lymphocytes after MOG~35--55~ treatment and subjected them to qPCR for the Treg cell marker gene, *foxp3* \[[@pone.0182069.ref023]\], and the Th17 cell marker gene, *il-17*. MOG~35--55~ treatment induced the expression of *foxp3* and *il-17* mRNA in EAE lymphocytes ([Fig 4C](#pone.0182069.g004){ref-type="fig"}). However, AA3 did not affect *foxp3* gene expression but significantly suppressed *il-17* gene expression. Thus, our results suggest that AA3 does not shift the balance between Treg and Th17 cells.

AA3 administration did not affect the overall cell survival of lymphocytes isolated from EAE mice ([Fig 4D](#pone.0182069.g004){ref-type="fig"}), suggesting that AA3 affects the MOG-reactive T cell responses but not proliferation. In summary, these results suggest an intriguing effect of AA3 on EAE wherein AA3 modulates Th1, Th2, and Th17 responses.

AA3 inhibits Th17 cell differentiation {#sec019}
--------------------------------------

TGF-β and IL-6 can induce the differentiation of Th17 cells, and IL-23 is necessary for the expansion and maintenance of Th17 cells \[[@pone.0182069.ref006], [@pone.0182069.ref034]\]. Furthermore, PGE2--EP4 activation can further amplify IL-23--mediated Th17 cell expansion, thereby promoting inflammation in EAE \[[@pone.0182069.ref007]\]. To elucidate the molecular mechanisms of AA3 in EAE, we examined the direct effect of AA3 on Th17 cell development. We treated naïve T cells differentiated by TGF-β and IL-6 with AA3 for 3 days, followed by the addition of IL-23, PGE2, and AA3 for another 3 days. Flow cytometric analysis of the percentage of IL-17^+^ and IFN-γ^−^ T cells showed that AA3 treatment greatly reduced the percentage of IL-17--producing cells upon cytokine stimulation ([Fig 5A and 5B](#pone.0182069.g005){ref-type="fig"}). Furthermore, ELISA revealed that AA3 significantly inhibited IL-23--mediated Th17 cell expansion as shown by the reduction of IL-17 secretion ([Fig 5C](#pone.0182069.g005){ref-type="fig"}). AA3 treatment did not affect the cell survival of CD4^+^ cells ([Fig 5C](#pone.0182069.g005){ref-type="fig"}), indicating that the reduction of Th17 population upon AA3 treatment might not be due to cell death. These results collectively suggest that AA3 attenuates the severity of EAE via the direct inhibition of Th17 cell differentiation.

![AA3 reduces Th17 cell differentiation.\
(A) We stimulated T helper cells isolated from naïve mice with TGF-β and IL-6, followed by IL-23 and PGE2, in the presence or absence of AA3 in order to differentiate them into Th17 cells. We analyzed IL-17--positive cells by flow cytometry after intracellular staining for IFN-γ and IL-17. Cells without AA3 treatment were used as a control. Representative cytograms are shown. (B) Histograms of the percentages of CD4+ IL-17^+^ IFN-γ^−^ and CD4^+^ IL-17^−^ IFN-γ^+^ cells obtained from the experiment conducted in (A). (C) We stimulated T helper cells with IL-23 to induce IL-17 cell expansion in the presence or absence of AA3. We quantified IL-17 levels in the culture media by ELISA and determined the numbers of viable and non-viable cells by Trypan Blue staining. Data are mean ± SEM (*n* = 3 per treatment group); \**p* \< 0.05, one-way ANOVA.](pone.0182069.g005){#pone.0182069.g005}

Discussion {#sec020}
==========

The present study is the first to demonstrate that AA3 modulates the PGE2--EP4 signaling pathway. Moreover, by using the EAE model of MS, we found that AA3 administration reduces the clinical manifestations of EAE through the downregulation of inflammatory cytokines, particularly in Th1 and Th17 cells. Mechanistically, AA3 blocks PGE2-mediated Th17 cell differentiation and IL-23--induced Th17 expansion, which contribute to its beneficial effects on EAE.

There is no cure for MS, as available treatments merely relieve symptoms and retard disease progression. Specifically, current treatment strategies primarily focus on the inflammatory component of the disease \[[@pone.0182069.ref035], [@pone.0182069.ref036]\]; the actions of these drugs include anti-inflammatory effects (e.g., IFN-β-1a and glatiramer acetate), inhibition of pathogenic lymphocyte proliferation and expansion (e.g., teriflunomide), prevention of lymphocyte migration from the bloodstream to the CNS (e.g., fingolimod and natalizumab), and depletion of T and B lymphocytes (e.g., alemtuzumab and ocrelizumab). However, there is no approved treatment that reduces neuronal damage or promotes repair. We previously reported that AA3 acts as a non-competitive NMDA receptor modulator to protect neurons against ischemic brain injury and excitotoxicity in rats \[[@pone.0182069.ref021]\]. In addition to the anti-inflammatory effect of AA3 shown in the present study, the previously demonstrated neuroprotective and cognition-enhancing effects of AA3 \[[@pone.0182069.ref021]\] may provide additional benefit to patients with MS, because cognitive impairment is a common clinical feature in both the earlier and later phases of the disease \[[@pone.0182069.ref037]\]. Because of the complex nature of the pathogenesis of MS and neurodegeneration in general, multifunctional drugs with both neuroprotective and anti-inflammatory properties, such as AA3, are attracting significant attention in drug development for MS. New therapeutic strategies for MS, including immunological tolerance induction \[[@pone.0182069.ref038]--[@pone.0182069.ref040]\], cell-based therapy \[[@pone.0182069.ref041], [@pone.0182069.ref042]\], microbiota therapies \[[@pone.0182069.ref043]\], blood---brain barrier protection \[[@pone.0182069.ref044], [@pone.0182069.ref045]\], and demyelination prevention \[[@pone.0182069.ref046], [@pone.0182069.ref047]\] have recently been validated experimentally and clinically. Accordingly, it is of interest to determine if AA3 exhibits effects beyond the effects of the abovementioned novel treatment approaches for MS.

Our findings indicate that AA3 exerts an anti-inflammatory effect and ameliorates EAE severity. Th1/Th2 cytokine imbalance plays a critical role in the pathogeneses of EAE and MS, and much effort has been spared aiming to rebalance Th1/Th2 cellular responses to treat MS \[[@pone.0182069.ref048]--[@pone.0182069.ref050]\]. Moreover, both EAE and MS exhibit Th17-driven inflammatory responses, highlighting a potential target for the treatment of MS \[[@pone.0182069.ref007], [@pone.0182069.ref051]\]. In the present study, AA3 inhibited the inflammatory Th1 and Th17 responses as indicated by the reduction of IFN-γ and IL-17 released from lymphocytes isolated from the control EAE and AA3-treated EAE mice after MOG~35--55~ re-stimulation. Moreover, MOG~35--55~ re-stimulation and AA3 treatment induced IL-4 expression in lymphocytes from EAE mice, suggesting that there was a shift from a Th1 to a Th2 response after direct AA3 administration in MOG-responsive T cells. However, we did not observe IL-4 induction in lymphocytes isolated from the AA3-treated EAE mice. This might reflect the complexity of the regulation of IL-4 by AA3. The effect of AA3 on IL-4 might be transient, or a second negative regulator may exist *in vivo*. Nevertheless, the present results support the notion that restoring Th1/Th2 balance is important for the treatment of EAE and that the therapeutic effect of AA3 in EAE mice could drive the Th1/Th2 balance towards a Th2 anti-inflammatory response.

Our study also provides the first evidence that AA3 modulates the activities of PGE2 and EP4 signaling. In the EAE model, NSAIDs more effectively inhibit EAE pathology with selective COX-2 inhibitors than with mixed COX-1/2 inhibitors \[[@pone.0182069.ref052]--[@pone.0182069.ref055]\]. However, no clinical studies have demonstrated a beneficial effect of COX inhibitors for patients with MS \[[@pone.0182069.ref056]\]. NSAIDs are commonly prescribed to patients with MS to ameliorate the adverse flu-like effects associated with immunosuppressive drugs such as IFN-β \[[@pone.0182069.ref057], [@pone.0182069.ref058]\]. On the basis of our results, AA3 may be a good therapeutic candidate for MS. Unlike NSAIDs, which inhibit PGE2 synthesis, AA3 inhibits PGE2 signaling at the receptor level. AA3, at least in part, attenuates PGE2 function via the inhibition of EP4 signaling. AA3 also inhibits PGE2-promoted Th17 cell expansion. These results provide a rational basis for further testing the drug efficiency of AA3 for the treatment of MS.

In conclusion, AA3, a natural triterpenoid glycoside, has anti-inflammatory activity, particularly against EAE clinical pathology. From a wider perspective, the striking neuroprotective, cognitive-enhancing, and anti-inflammatory properties of AA3 suggest that it is a therapeutic candidate for neurodegenerative disorders besides MS. Thus, AA3 might be particularly useful for neuroprotection in other diseases of the central and peripheral nervous systems that are pathogenically characterized by inflammation and synaptic dysfunction. Accordingly, further studies on the underlying molecular mechanisms of AA3 will help optimize its therapeutic effect for MS.
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